Abstract Phenol removal from aqueous medium was studied by the batch method using novel and fully biobased solvent-cast films prepared from cellulose nanofibrils (CNFs) and in situ synthesised hydroxyapatite (HAp) by the wet-chemical precipitation method and different concentrations of HAp precursors and weight mass of CNFs. The chemical and morphological structures of as-prepared films were investigated by X-ray diffraction, scanning electron microscopy, and energy-dispersive spectroscopy, while their physical properties were determined by water contact angle and swelling kinetic measurements. The HAp precursor leads to a surface modification of CNFs, which increases its activity by forming differently structured, sized and distributed HAp particles, influencing the phenol adsorption kinetic and capacity. The phenol adsorption was faster and higher (*64 mg g -1 ) in an acidic solution (pH 2) compared to the original phenol solution pH (pH 7.4, *30 mg g -1 ) using films with unevenly-distributed and positively-charged calcium-richer HAp particles synthesised on the CNFs' surface, being reflected also in its higher water swelling properties, compared to their hybrid counterparts. The phenol adsorption is identified to follow pseudo-second order kinetic and intra-particle diffusion models. A highly-efficient reusing ability of the selected film with 86% adsorption capacity of the initial value at the third sequential regeneration cycle, is also confirmed. A super-hydrophilic nature of the films with high water-diffusing and transport properties, as well as low swelling, indicates their potential in the development of highlyeffective adsorbents and, potentially, filter membranes for water purification.
Introduction
Phenol is one of the first compounds inscribed into the list of priority pollutants (Bruce et al. 1987) , with the standard limit of 1 mg/L in drinking water. Phenol and its derivatives (Michalowicz and Duda 2007) are organic pollutants existing in wastewater from the discharge of such chemical industries as resin manufacturing, gas and coke manufacturing, tanning, textile, plastic, rubber, pharmaceutical, and petroleum, and particularly those dealing with end products such as paper and pulp, pesticides, and dyes. Phenols are also present in domestic effluents and vegetation decay.
In view of the wide prevalence of phenol and its derivatives in different wastewaters, as well as their toxicity to human and animal life even at low concentrations, its removal before discharging the wastewater into water reservoirs has, thus, increasingly become a significant environmental concern. Treatment of wastewater containing phenol has been studied by various methods such as oxidation with ozone/hydrogen peroxide (Esplugas et al. 2002) , biological methods (Ehrhardt and Rehm 1985) , ion exchange ), electrochemical oxidation (Ajeel et al. 2017; Zaky and Chaplin 2014) , reverse osmosis (Li et al. 2017) , photocatalytic degradation (Koyama et al. 1994) , coagulation flocculation (Yang et al. 2015) , and adsorption (Caetano et al. 2009; Gupta et al. 2004; Jain et al. 2004; Ingole and Lataye 2013; Ingole et al. 2017; Dhorabe et al. 2016a Dhorabe et al. , 2016b , as well as their combinations. The majority of these methods have shown relatively low efficiency (4.5-303 mg g -1
) and, thus, the adsorption process still remains the best, as it can generally remove all types of phenols, and the effluent treatment is convenient because of its simple design and easy operation. In this framework, activated carbon (Dabrowski et al. 2005; Ö zkaya 2006; Kumar et al. 2007; Din et al. 2009; Kilic et al. 2011; Dhorabe et al. 2016a; Ingole and Lataye 2013; Ingole et al. 2017; Sáenz-Alanís et al. 2017; Lorenc-Grabowska 2016; Srivastava et al. 2006 ) is still the most widely used material, although it has disadvantages, such as high initial cost, high regeneration cost, and the generation of carbon fines, due to its brittle nature. Alternative adsorbents include naturally occurring materials such as different powder-based earth minerals (zeolite, bentonite, clinoptilolite) (Banat et al. 2000; Mangrulkar et al. 2008; Sprynskyy et al. 2009 ), polymeric resins (Caetano et al. 2009; Lin and Juang 2009; Juang and Shiau 1999; Li et al. 2002; Vázquez et al. 2007) , polysaccharides (chitin, chitosan) (Li et al. 2009; Dursun and Kalayci 2005; Ahmaruzzaman and Sharma 2005) , or other inexpensive and renewable biomassresource materials (coconut shell, rice husk, ash, beet pulp etc.) (Din et al. 2009; Ahmaruzzaman 2005; Chaudhary and Balomajumder 2014; . However, many of them have poor adsorption capacity (1.7-131.5 mg g ) as compared to activated carbons, and some of them are not really low-cost materials suitable for extensive use. Efforts are, therefore, still needed to have materials that would have a relatively high-enough adsorption capacity and could be reused and recycled easily, or even discharged as bio waste (composted or used as fertilizer) after the final usage Recent advances in nanoscale science and engineering suggest that many of the current problems involving water quality could be diminished greatly using nanostructured materials and particles that exhibit good adsorption efficiency, especially due to their higher surface area and greater amount of active sites for interaction with toxic pollutants. However, the potential eco-toxicological impact of nanoparticles, the search for novel, eco-friendly materials for water purification with low cost, low energy input and with no hazardous by-products, is being researched extensively.
Bio-based nanocellulose as a cheap, sustainable and renewable nano-adsorbent with high surface area-tovolume ratio and extraordinary mechanical properties (Dufresne 2013) , have been studying in this framework exhaustively in the last decade. Its easily functionalizable surface (associated with a huge amount of surface hydroxyl groups) allows the incorporation of chemical moieties that may increase and specify the interaction efficiency with targeted pollutants (Hokkanen et al. 2016a, b; Moon et al. 2011; Gopakumar et al. 2017) . Among them, cellulose nanofibrils (CNFs) has been considered as more ductile compared to nanocrystals, thereby providing a more useful template for incorporating functionalities and for preparing selfstanding based films (Abe et al. 2007) .
Apatite-based mineral materials, above all hydroxyapatite [HAp; Ca 10 (PO 4 ) 6 (OH) 2 ], have also become promising adsorbents for the removal of ionic dyes and heavy metal ions due to the more favourable properties, such as high chemical activity, high removal capacity, high water stability, low cost and high stability under oxidizing or reducing conditions (Corami et al. 2008; Narwade et al. 2014; Feng et al. 2010; Smičiklas et al. 2006) . The sorption capacities of HAp for cations not only depend on metal ion concentrations, solution pH values, contact time and ionic species, but are also ascribed to its porous structure and crystallinity that can serve as ion channels, and, thus, increase ionic exchange and immobilization (Wen et al. 2016 ). In addition, HAp with low crystallinity possesses many lattice defects, which can serve as additional active sites for chemical adsorption. HAp powders are generally used as adsorbents, although it is difficult to separate them from the wastewaters (Zhao et al. 2014) . Alternatively, HApbased porous materials have been fabricated by using polysaccharide chitosan, thus making it more suitable for industrial application (Lei et al. 2015) , however, with no satisfied adsorption ability, as well as poor strength and flexibility, and high tendency to gelling due to high hydrophilicity, which limits its usage. The very recent studies show that the presynthesised HAp nanostructures can interact effectively with the microfibrillated cellulose (MFC), resulting in the enhancement of the mechanical properties of their nanocomposites due to the small size and high specific surface area, as well as relatively high adsorption capacity for both cationic (Cr 4? , Ni 2? , Cd 2? ) and anionic (PO 4 3-, NO 3 -) compounds from aqueous solutions at fast adsorption rate, independent on the solution pH (Hokkanen et al. 2014 (Hokkanen et al. , 2016b .
The objective of this work was, thus, to synthesise bio-based and highly absorbable films with no or low gelling ability for an effective removal of phenol from aqueous solutions, and possible regeneration potential. For this purpose, the films were prepared by the wetchemical precipitation method using the advantages of both highly hydrophilic and mechanically strong cellulose nanofibrils (CNFs) acting as a support, and highly sorptive HAp being synthesised in situ using HAp precursors of different concentrations and volume ratios related to the weight mass of CNFs. The microstructure, crystal structure and chemical composition of the films were studied by XRD, SEM and EDX analysis, while their physical properties were determined by water contact angle and adsorption kinetic. Furthermore, the effects of pH value and contact time on the ability of the films to remove phenol were investigated by batch adsorption study. The performance was evaluated by applying the pseudo-first and pseudo-second order kinetics model theory to identify the kinetic parameters, and an intraparticle diffusion model to define the diffusion mechanism of adsorption. Finally, the phenol-desorption and reusing ability of the films was examined.
Experimental

Materials used
Cellulose nanofibrils (CNFs) were supplied by the University of Maine, Process Development Center in the USA (http://umaine.edu/pdc/nanofiber-r-d/ [HAp; CAS no.-12167-74-7] was purchased from Sigma-Aldrich.
HAp synthesis
HAp was synthesised by the wet chemical precipitation method using 1 M calcium nitrate tetrahydrate and 0.6 M di-ammonium hydrogen phosphate as precursors in molar concentrations to have the theoretical ratio of Ca/P in 1.66 (Chavan et al. 2010) . The pH of the reaction was maintained at 10 using an ammonia solution. The precipitation process is carried out by dropwise addition of both precursor solutions. The process is carried out under continuous stirring of 150 rpm at 80°C for 4 h, followed by ageing for about 24 h. The white precipitate is then washed 3-4 times with double distilled water to remove the rest of the precursors, and dried in an air oven at 60°C.
Synthesis of HAp in the presence of CNFs and film formation
The CNF-HAp films were prepared by the wetchemical precipitation method using 0.6 M di-ammonium hydrogen phosphate and 1 M calcium nitrate tetrahydrate as precursors in a Ca/P ratio of 1.66 (Chavan et al. 2010) for HAp synthesis in situ, and different weight masses of CNFs, as presented in Table 1 . The CNF was added to the di-ammonium hydrogen phosphate solution and stirred to obtain a uniform mixture, before adding it to the calcium nitrate tetrahydrate solution. The pH of the reaction was maintained at 10 using an ammonia solution. During this process, the white precipitate starts to deposit on the sides of the beaker. The solution is kept stirring for 4 h and, later on, kept for a gelation for 24 h. The precipitate dispersion is then washed several times with distilled water to maintain its pH neutrality. 20 mL of the residual sample is then transferred to Petri dishes and heated to 60°C overnight to form the films of 0.34 ± 0.02 mm thickness.
Film characterization
The crystallinity and crystallite size of the HAp synthesised in the composite films was determined by using the X-ray diffraction technique (XRD). The Xray equatorial diffraction patterns of the films were obtained with a Rigaku MiniFlex 2X-ray diffractometer using Cu Ka radiation (k = 0.1541 nm) at the operating voltage and current of 40 kV and 40 mA, respectively, at room temperature within a 2h value ranging from 10°to 60°. The size (nm) of HAp crystals was evaluated along the (002) direction (2h of *26°) using the Debye-Scherer's formula (Panda et al. 2003) :
where k is the Scherer constant (0.89), k is the X-ray wavelength (0.15418 nm) in the case of Cu Ka radiation, b is the full width at half-maximum (FWHM) of the diffraction peak in radians, and h(°) is the corresponding Bragg angle. Scanning electron microscopy (SEM) imaging, coupled with energy dispersive spectroscopy (EDX), was performed using the UltraPlus (Zeiss, Germany) microscope to evaluate the films' morphology and microstructure. The samples were coated with a platinum layer using an ion sputter PECS-precision etching coating system, model 682 (Gatan US).
Contact angle measurements of the films were assessed by using an SCA20 contact angle measurement system from Dataphysics (Germany). All measurements were conducted at room temperature on two independent surfaces with an MQ water and volume of 3 mL. Each value was the average of at least eight drops of liquid per surface.
The kinetic of miliQ water adsorption was performed by the gravimetrical method at room temperature and different incubation times, and expressed by the swelling ratio using the following formula (Zhang et al. 2014) :
where M d and M s represent the weight of the dry and swollen samples, respectively. The average values, as well as the standard deviation of the mean values, were calculated from at least three individual measurements.
Evaluation of phenol adsorption and desorption
The film samples of 1 cm (L) 9 1.5 cm (W) dimension were incubated with 50 mg L -1 of phenol solution and its adsorption (capacity and kinetic) was studied at room temperature and continuous shaking (150 rpm) by varying the pH of the starting solutions, the pH 2 being adjusted with 0.1 M HCl and pH 7.4 as generated by the phenol itself. The concentration of phenol in the solution was examined at 270 nm by means of UV-Vis spectroscopy using a plate-reader equipped with a Tecan UV-Vis spectrophotometer. The phenol adsorption capacity (q e , mg g -1 ) was calculated according to the following formula :
where V (L) is the volume of phenol solution, m (g) is the mass of the film, C i (mg L -1 ) is the initial phenol concentration, and C t (mg L -1 ) is the concentration after certain immersion t (min). All the experiments were carried out in triplicate to estimate the standard deviation. The amount of phenol that was adsorbed on a film (q t ) was then plotted against the time (t) and analysed using various models to obtain the kinetic parameters of adsorption and a fitted intra particle diffusion model to identify the diffusion mechanism. The phenol-adsorbed films were also studied for desorption by being shaken in miliQ water (18.2 mX) for up to 3 h until reaching the equilibrium of phenol desorbed. The percentage of desorption was calculated by using the following formula (Mahto et al. 2015) :
The phenol-desorbed films were collected, rinsed again with miliQ water and reused in the next cycle of adsorption. Three repetitions were performed for each sample and the process, and the average values were calculated, as well as the Standard Deviation of the mean values.
Results and discussion
Films' characterization
The XRD patterns for both CNF and Hap, as well as composite (CNF-HAp) films, displayed in Fig. 1 , indicate the formation of HAp particles with different morphologies and crystalline structures onto the CNFs' surface, being highly related to the concentration of HAp precursor used and their ratio to the weight mass of CNFs. The characteristic diffraction peaks of commercial HAp are located at 2h values of 26. 79°, 32.41°, 33.8°, 34.71°, 40.57°, 47.32°, and 50.25°corresponding to the related planes at (002), (112), (202), (211), (213), (222), (300), and (310) respectively (JCPDS card no. 09-0432) (Narwade et al. 2014) . The peaks in the commercial HAp are highly oriented, it means the HAp is highly crystalline. The XRD pattern of synthesised HAp (without the presence of CNFs) also shows relatively high intensity and sharp peaks in the range of 23-39°(at about 25.80°, 31.80°, 32.90°, and 34.10°corresponding to (h k l) indices at (002), (211), (300), and (310), respectively), and lower intensity peaks in the range of 46°-63°, which is consistent with the formation of a lower crystalline HAp structure, compared to the commercial HAp. The crystal parameters of synthesised HAp (with a = b = 0.941 nm and c = 0.70 nm), calculated from the 2h peaks at around 32.90°(300) and 25.28°(002), also resemble quite well that of commercial HAp (a = b = 0.942 nm and c = 0.688 nm) , indicating a stoichiometric HAp with the formula of Ca 10 (PO 4 ) 6 (-OH) 2 and a hexagonal structure of the crystal lattice of around 6.55 nm. The films prepared with CNF (Fig. 1b, c) and lower precursor concentration (25HAp) still show oriented sharp peaks that resemble the peaks of synthesised HAp, being, however, a smaller size (3.26 and 4.36 nm, respectively) and a non-stoichiometric calcium-phosphate structure. On the other hand, the films prepared with higher precursor concentration (100HAp) show a very broad XRD peak with maximum at 2h of around 23°which may be due to the overlapping of the CNF (at 2h of *23°) and HAp (at 2h of *25°) related peaks, and very low intensity of the HAp related peak at 2h of *32°, being reflected in HAp of very poor crystallinity and low crystal sizes which are precipitated onto the surface of the CNFs. The latter effect was expressed even more in the case of the film prepared with 1.5CNF, where no-specific peaks could be identified.
The EDX results, summarised in Table 2 , indicate a stoichiometric apatite structure with a Ca/P ratio of around 1.67 on both films prepared with higher CNF (1.5CNF) content, independent of the used precursor's concentration. On the other hand, the non-stoichiometric HAp structures were analysed in both films prepared with lower content of CNF (0.5CNF): A phosphorus-rich (calcium-deficient) HAp with Ca/P ration of 1.56 on the CNF prepared with 100HAp was in agreement with reported literature (Fang et al. 2016) , and a calcium-rich (phosphorus-deficient) with Ca/P of 1.77 on the film prepared with 25HAp.
The high magnification SEM images of the native CNF and the CNF-HAp synthesised film surfaces are shown in Fig. 2 . The web-like slightly-porous net structure for the native CNF films with single lmlength fibrils is displayed, as well as fibrils' bundles, being much more thick and dense in the case of the film prepared with higher CNFs' content (1.5CNF). Unevenly distributed particles of HAp were found to be present on the surface of both films prepared with lower (25HAp) concentration of precursors, while much denser and relatively homogenously distributed HAp particles on the surface are seen on the 0.5CNF-100HAp film, getting a ceramic type structure in the case of 1.5CNF-100HAp.
It is obvious that the presence of CNFs induces the heterogeneous nucleation of HAp and regulates the HAp crystal structure (size and morphology), as well as its further growth. The regulation of the HAp nucleation and growth in the presence of polysaccharides (such as chitosan, alginate, heparin, carrageenan, pectins) have been studied extensively recently (Skwarek et al. 2017) , indicating that the polysaccharide's functional groups, such as carboxyls (-COOH), sulfonic (-OSO 3 H), amino (-NH 2 ), or hydroxyls (-OH) are interacting with the HAp precursors by specific (ionic, electrostatic or coordinative) or nonspecific (hydrogen) binding. It was also found that anionic/cationic polysaccharide complexes can provide multiple nucleation sites and growth space for HAp crystals under different pH conditions. However, the effects of semi-crystalline and nonhomogenously dispersed nanocellulose with abundant quantity of surface hydroxyl groups and some negative and end-located terminal carboxylic (-COO -) and sulphate (-SO 3 2 ) groups, on the mineralization of HAp crystals, has been sparsely reported. The surface of the microcrystalline cellulose (MFC) was covered completely by the HAp layers at higher concentrations of calcium or phosphorus based precursors, indicating that MFC can bind a much larger amount of HAp than its own mass, leading to nanocomposites with enhanced properties due to the small size and high ions through coordination bonds, acting as nuclei for further growth of HAp crystals in simulated body fluid (pH & 7.4). While only small particles of HAp crystals are found on the native CNF surface due to the lack of effective functional groups for binding of calcium or phosphorus to form nuclei, quantitatively more and bigger particles were identified as phosphorylated CNF. A schematic illustration of possible interactions between HAp precursors and CNFs during the formation of CNF-HAp composites, where the phosphatebased precursor is added before the calcium-based, is presented in Fig. 3 . According to the synthesis procedure, the CNFs hydroxyl groups form a hydrogen bonding with the phosphate (-PO 4 3-) ions from diammonium hydrogen phosphate being added as the first precursor (Daud et al. 2011) , and may interact as dibasic phosphate (Cel-CH 2 -O-P(=O)(OH) 2 ) or monobasic tautomeric phosphite (Cel-CH 2 -O-P(H)(=O)OH) with hydroxyls of cellulose (Kokol et al. 2015) , after evolution of ammonia. By further addition of calcium nitrate tetrahydrate at pH 10, the Ca 2? ions are interacting with dissociated phosphate ions available in the solution or phosphate groups preattached on the CNF, respectively, by electrostatic and/or coordination interactions, resulting in the formation of HAp nuclei and differently oriented HAp particles after their further growth. In parallel, some electrostatic interaction between potentially present negative and end-located terminal groups (-COO -, -SO 3 2 ) on CNFs can also appear with Ca 2?
ions. The morphology and size of HAp particles formed in the presence of CNFs depends also on the CNF-HAp precursor's weight-mass ratio. In the case of a higher amount of precursor (100HAp), quantitatively higher interactions of -PO 4 3-ions with -OH groups of CNF provide multiple nucleation sites that result in the formation of smaller HAp particles with phosphate-reach (Ca/P = 1.56) or stoichiometric (Ca/ P = 1.68) structure after addition of Ca 2? ions, depending on the content and, thus, the density of the CNF. By this, a partly porous (0.5CNF) or fully dense ceramic-type (1.5CNF) nanocomposite film with high surface area is created, preventing further growth of HAp due to the unavailability of free -PO 4 3-ions in the solution. On the other hand, a lower amount of precursor (25HAp) provides less nucleation sites, but also more growth space due to the less dense solution, and, thus, the formation of larger HAp Fig. 3 Schematic illustration of estimated mechanism for HAp structure formation on CNFs particles with calcium-richer (Ca/P = 1.77) or stoichiometric (Ca/P = 1.65) HAp structure, depending on the CNF content (0.5CNF or 1.5CNF).
The miliQ-water contact angle and absorption ability measurements (Fig. 4) of differently prepared films were performed to support the above discussed phenomena, indicating indirectly also on the films' surface wetting properties. As may be observed from the graph in Fig. 4a , the water contact angle of the 0.5CNF film was found to be a bit lower compared to the pure 1.5CNF film (*49°vs. *52°), which not only suggests lower hydrophilicity of the 1.5CNF film, but also reveals its surface microstructure properties, being more dense and rough (supported by SEM images in Fig. 2) , resulting in the heterogeneous wetting and, thus, the formation of air compartments between the droplets and the substrate. However, the water droplets get percolated completely through the CNF-HAp films' surface, thereby indicating the super-hydrophilic nature of these films. This may be related both to differently nano-to-micro structured parts of the CNF-HAp films (depending on the CNFs weight mass and the HA structure formed), as well as less-or no-interactive HAp surface with water molecules resulting in their high diffusion (depending also on the H-bonding and orientation of water molecules with the HAp crystal structure, Prakash et al. 2001 ) and, thus, faster transport through the film, compared to the native CNFs with a huge amount of ionically-dissociated -OH groups interacting with water molecules and influencing its high swelling properties. Accordingly, the CNF-HAp films swell-up mach less compared to the native CNF films (Fig. 4b) . Fig. 4 The water a contact angle and b swelling kinetic for differently prepared CNF and CNF-HAp films, determined at room temperature Phenol adsorption analysis
Adsorption equilibrium
The pH of a solution is an important parameter influencing the sorption process at the adsorbatesubstrate interfaces. The capacity of phenol adsorption and related kinetics of CNF-HAp films is thus followed in a phenol solution with pH 7.4 (as prepared) and a highly acidic solution of pH 2, as presented in Fig. 5 . In both cases, the composite films with lower concentration of HAp precursors show higher adsorption capacity compared to the other two CNF-HAp films, whereas the pure CNF films, as well as pure HAp synthesised, show no or meagre adsorption (max up to 6.1 mg g -1 for HAp at pH 2; data not provided here). At pH 2, the equilibrium value is also reached faster (in about 60 min) compared to pH 7.4 (in about 90 min). The maximum adsorption capacity in both pHs was the highest for the 1.5CNF-25HAp film, namely 29.69 mg g -1 (at 7.4 pH) and 63.94 mg g -1 (at pH 2), which is relatively high and comparable with many of the other adsorbent materials that have been studied.
Phenol dissolves in water to form phenoxide ions possessing partial negative charge. In the case of the solution of pH 7.4, Ca 2? ions are attached mainly coordinately with the PO 4 3-groups on CNFs, as shown in the proposed mechanism (Fig. 3) and, hence, not available for binding with phenoxide, resulting in lower adsorption capacity. In the case of pH 2, various types of reactions between the phenolic molecule and the film can take place, which causes drastic changes in the surface chemistry of CNF-HAp films. During these reactions, depending on the solution conditions, some different sites can be formed on the mineral surface (Hokkanen et al. 2016b ):
It is reported that the material exhibits more positive charges while forming HAp with a starting solution of pH B 3. Along with this, under lower pH conditions, HAp is becoming more protonated by the predomination of Ca 2? sites, being favourable for phenol adsorption, while, in contrast, in a light alkaline solution the film surface becomes more negative due to the neutral CaOH groups and negatively charged phosphate species that predominate under those conditions. However, the sorption capacities of the films for phenols depends not only on the solution pH value, contact time and ionic species available for the interactions, but are also ascribed to the porous structure (density) of nanocomposite network being related to the content of CNF, as well as the crystalline structure of HAp and its particle-size formed on the CNF surface. The more porous film surfaces can serve as ion channels, and thus may increase ionic interactions with the phenol molecules. In addition, HAp with inserted low crystallinity may possess many lattice defects, which can serve as active sites to absorb phenols chemically as in the case of highly adsorbable 1.5CNF-25HAp film.
Adsorption kinetic and diffusion
The pseudo-first order and pseudo-second order kinetic models were used to investigate the mechanism of adsorption, being expressed by
where q 1, q 2 and q t are amounts of phenol adsorbed (mg g -1 ) at equilibrium and at time t (min), k 1 (min -1 ) and k 2 (g mg -1 min -1 ) are the pseudo-first and pseudo-second order rate constants, respectively . The pseudo-first order and pseudosecond order adsorption kinetics for phenol at different pH are presented in Fig. 6 , and the fitting parameters of adsorption kinetics at both pHs are listed in Tables 3 and 4 . The data proposes that the phenol adsorption kinetics of all films and at both pHs follow the pseudo-second order model, since the correlation coefficient (R 2 [ 0.99) obtained by this model was very near to the ideal value of 1, compared b Fig. 6 The pseudo-first order and pseudo-second order adsorption kinetics for phenol adsorption on differently prepared CNF and CNF-HAp films at pH 7.4 (left) and pH 2 (right), and corresponding intra-particle diffusion plots Cellulose (2017) 24:4911-4925 4921 to that obtained for the first-order model. The obtained parameters from kinetic models were found to correlate with the data determined experimentally. It can also be concluded that the correlation coefficient (R 2 ) is closer to an ideal value in the case of 1.5CNF-25HAp and 1.5CNF-100HAp films with the higher CNFs concentration at pH 7.4, while it fits very well to this model for all films at pH 2. The kinetic parameters, obtained through the second kinetic model, are also similar to actual experimental results.
The intra-particle diffusion model was taken into account in order to identify the phenol diffusion mechanism. This model is expressed by the Weber and Morris equation ):
where C is the intercept (mg.g -1 ) associated with the diffusion boundary layer thickness and k p is the intraparticle diffusion rate constant (mg g -1 min 1/2 ) of adsorption step p, which is estimated from the straight line of q t versus t 0.5 . According to this model, the intraparticle diffusion is the rate limiting step of the entire adsorption process; the plots of q t versus t 0.5 yield a straight line passing through the origin. The values of k p and C were determined from the slopes of the linear plots, and the constants of the intra-particle diffusion model at both pHs are given in Tables 4 and  5 , respectively. All the CNF-HAp samples show positive intercept (C), thereby also indicating phenol adsorption via the intra-diffusion process, being the fastest (with maximum k p ) for 1.5CNF-25HAp film.
Desorption and regeneration study
The regeneration of adsorbent is an important factor which affects the overall cost of the adsorption process and sustainable applications. In this framework, the phenol desorption from the 1.5CNF-25HAp film was performed by incubating the sample in MiliQ water for up to 3 h, and the adsorption capacity of regenerated film was investigated for three repeated experiments. The desorption equilibrium time observed for this film was recorded to be between 150 and 170 min. As seen from Fig. 7 , even though the adsorption capacity of regenerated film decreased slightly during three sequential adsorption-desorption cycles, the adsorption efficiency was still about 86% of its initial value after regeneration, demonstrating that film is a benign sustainable adsorbent.
Conclusion
Novel bio-based CNF-HAp composite films were prepared in situ by the wet-chemical precipitation method using different concentrations of HAp precursor and weight mass of CNFs, and evaluated for the removal of phenol from aqueous solutions of different pHs. The results revealed that the size of the HAp particles formed on the CNFs' surface and its crystallite structure is dependent primarily on the concentration of precursors and, secondly, on the CNFs' weight mass, being reflected in a porous and rough surface with unevenly distributed and calciumricher HAp particles, or a smoother, phosphate-richer or stoichiometric apatite and layered-type structure on the CNFs' surface with more dense and homogenously distributed HAp. It is also observed that such a structure also influences the super-hydrophilic nature of the films that increases the diffusion and faster transport of water molecules through the film, with negligible swelling, while interacting with the phenol molecules. Besides the film's structure, the solution pH also played a significant role in the capacity of adsorption towards phenol molecules. An acidic solution led to a significant increase in the adsorption capacity on the positively-charged calcium-richer HAp-structured CNFs' surface, which followed the pseudo-second order kinetic and intra-particle diffusion model of adsorption. The highly-effective reusing ability of the films indicates additionally their high added-value properties, which may be exploited in the wastewater purification as film adsorbents or, potentially, filter membranes.
